Criteria for the Discovery of Chemical Elements
The availability of suitable heavy-ion mccelerators in a number of laboratories n Europe and the United States should nake it possible to synthesize and identiy additional heavy transuranium elenents. The predicted small yields of ;uch nuclides require identification of dtomic number to be made with individial atoms. This places a large burden on -he experimenter and can lead (and in act has led) to differences of opinion as o the extent of experimental proof reiuired to establish definitely that the proluction of a new element has been ob-;erved. There is also the possibility that ;uperheavy elements may be found in iatural sources. We attempt here to deine criteria for adequate proof that a iew element has been synthesized or ound in nature, and identified-that is, liscovered.
The basic criterion, of course, must be he proof, by some Also satisfactory is the identification of characteristic x-rays in connection with the decay of the isotope of the new element. In actual practice this is likely to involve measurement of the half-life and precise, unique energies of the alpha particles of the new element in coincidence with the characteristic x-rays of the daughter nuclide. However, it might be possible to measure characteristic xrays of the new element itself (primary product) if these can be associated with the subsequent immediate decay of this nuclide. Thus, such short-lived x-rays, which may be emitted in the course of, or as an aftermath of, the production of the primary product, might be followed very shortly by emission of alpha particles or fission fragments which could be detected by delayed coincidence techniques. The characteristic x-rays must, of course, be distinguished from gamma rays of similar energies-perhaps by identification of the complex structure of the x-rays.
The proof of a genetic decay relationship through an alpha-particle decay chain in which the isotope of the new element is identified by the observation of previously known decay products should be acceptable. This method depends on measurement of the half-life and precise, unique energies of the alpha particles of the new isotope, and measurement and identification of the halflife and decay properties of the daughter, whose identity, including atomic number, has been previously established. Time correlation between parent and daughter should be established. Use of a genetic relationship as evidence for a new element implies that the mass number of the new element isotope is experimentally determined by its relationship to a daughter nuclide of known mass number.
Detection of a spontaneous fission activity and measurement of its half-life cannot per se establish that an element with a new atomic number has been produced. Even when additional information, such as fragment mass and kinetic energy distributions, can be obtained, the atomic number assignment for new elements cannot be made on this basis alone since the systematics and theoretical predictions cannot be extrapolated with the necessary certainty into new regions. Similarly, the use of the predicted half-lives for spontaneous fission decay and alpha decay and of predicted alpha-decay energies cannot yet be considered sufficiently reliable for establishment of the atomic number of a new element.
The present understanding of production yields, excitation functions, angular distributions, and so forth is not sufficient to allow measurements to establish with certainty that a nuclide with a new atomic number has been produced, although such data may be useful as supportive evidence. It is particularly difficult to establish and interpret the difference between heavy-ion-induced compound nucleus reactions in which only neutrons are emitted (and consequently the atomic number of the product nucleus is the sum of the atomic numbers of the target and projectile) and those nuclear reactions (compound nucleus or otherwise) in which charged particles (such as protons and alpha particles) are also emitted so that the atomic number of the heavy product is less than the sum of projectile and target atomic numbers. An unambiguous differentiation between these reaction mechanisms would be necessary for the proof of atomic number by the use of such techniques. Information from cross bombardments can be useful, but again, interpretation of the results is subject to the same uncertainties concerning production yields and reaction mechanisms.
Special mention should be made of some anticipated features of the identification of the so-called superheavy elements, the elements expected to occupy the "island of stability" centered around nuclides with "magic numbers" such as Z = 114 and N = 184 (N is the number of neutrons in the nucleus), or Z = 126. It is quite possible that nuclides in this region of Z and N might be observed to have such distinctive radioactive decay properties that it would be clear that one or more nuclides with new atomic numbers have been produced, even though exact atomic numbers cannot immediately be established. Such hitherto unobserved decay characteristics might consist of spontaneous fission fragments of uniquely large kinetic energy, perhaps high neutron multiplicity, or decay chains of uniquely high-energy alpha-particle emitters (possibly including members that undergo beta decay or terminate the chain with spontaneous fission decay). Mass determination could unambiguously establish the mass number in the superheavy element region. The observation of spontaneous fission activity which is chemically separable from the actinides and near transactinides should be sufficient evidence to establish that the atomic number is in the superheavy element region. Such observations should constitute adequate evidence that one or more new elements have been discovered. In such cases, subsequent investigations may be required to establish the precise atomic numbers of the nuclides involved. Naturally, observation of characteristic x-rays could again be adequate here and would by itself constitute discovery of a new element provided, as mentioned before, the characteristic x-rays are identified and satisfactorily distinguished from gamma rays. These x-rays might be emitted in a decay process or induced by some method of excitation.
Mere first observation of a radioactivity without proof of its atomic number historically has not been considered sufficient to constitute discovery. The requirement for adequate evidence at the time of publication of the claim to discovery can be illustrated by an interesting case history. In 1943 Kurbatov and Pool (1) reported the production, through proton bombardment of neodymium (Z = 60), of isotopes of the then unknown element with atomic number 61 having half-lives of 2.7 hours and 5.3 days. Subsequent work has shown that these radioactivities were correctly assigned to element 61; the 2.7-hour activity is known to be due to mass number 150, the 5.3-day activity to mass number 148. However, the assignment in 1943 of these activities to element 61 was based on inadequate evidence to permit proof of the assignment of atomic number. Two years later Marinsky et al., during research on the wartime Plutonium Project, proved by chemical means that two fission products of uranium should be assigned to element 61; these isotopes were 3.7-year 1'761 and 47-hour 14961, and the work was described in a postwar publication (2) . The proposal in 1947 by the first team of investigators that element 61 be named "cyclonium" was not accepted, while the proposal by the second team of investigators in 1948 that it be named "promethium" was accepted the following year by the International Union of Pure and Applied Chemistry.
As a concluding thought, we suggest that composite nuclear systems that live less than about 10-14 second (the generally accepted upper limit for a compound nucleus lifetime) shall not be considere, as new elements. Nuclear molecular sy; tems (those in which extranuclear elec trons encompass two closely adjacen nuclei), which can be identified by thei corresponding transitory x-rays, woul also not qualify as new elements.
The criteria described here should b necessary and sufficient for proof of th, discovery of a new chemical element We believe that any claim to such discovery should be published in a refer eed journal with sufficient data to enabli the reader to judge whether the evidence is consistent with such criteria. We fur ther believe that even when these criteri, are met, the name for a new elemen should not be proposed by the discov erers until the initial discovery is con firmed.
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